Abstract: Geometric isomerism in polyacetylene is a basic concept in chemistry textbooks. Polymerization to cis-isomer is kinetically preferred at low temperature, not only in the classic catalytic reaction in solution but also, unexpectedly, in the crystalline phase when it is driven by external pressure without a catalyst. Until now, no perfect reaction route has been proposed for this pressure-induced polymerization. Using in situ neutron diffraction and meta-dynamic simulation, we discovered that under high pressure, acetylene molecules react along a specific crystallographic direction that is perpendicular to those previously proposed. Following this route produces a pure cis-isomer and more surprisingly, predicts that graphane is the final product. Experimentally, polycyclic polymers with a layered structure were identified in the recovered product by solid-state nuclear magnetic resonance and neutron pair distribution functions, which indicates the possibility of synthesizing graphane under high pressure.
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When unsaturated molecules are significantly compressed by external pressure, they tend to polymerize into extended structures. This is called pressure-induced polymerization (PIP). In a typical sequence, triple bonds polymerize into double bonds then single bonds, and carbon transforms from sp-hybridization to sp 2 and then sp 3 . In the C/H system, many intriguing materials like graphane are predicted but were not stoichiometrically synthesized. PIP is considered an important method for this synthesis because the ratio of the elements can be sustained well under external pressure. Acetylene (C 2 H 2 ) is the simplest alkyne. It is used as building blocks for synthesizing larger molecules or materials like benzene and polyacetylene (PA). The ratio of C:H in acetylene is 1:1, equal to that in graphane, suggesting it is a reactant candidate. The PIP of acetylene has been studied by several groups as a prototype pressure-induced reaction. [1] [2] [3] [4] [5] At room temperature, acetylene polymerizes around 4.2 GPa without any catalyst. [4] With simultaneous laser irradiation, a more branched PA is produced. [5] At 77 K, acetylene polymerizes at ca. 11 GPa. The reaction is believed to be topochemically controlled and the product is mainly cis-PA. [6] Despite considerable spectroscopic and crystallographic research, [1, 2, 4, 6, 7] the stereoselectivity of producing cis-PA is still not understood and further reaction under higher pressures has not been explored. Here, we determined the crystal structure of acetylene under high pressure right before the PIP using in situ neutron diffraction and simulated the reaction process theoretically, based on which we explain the stereoselectivity in the PIP of crystalline acetylene. Following this proposed route predicts that graphane is the final product. To find experimental evidence, we synthesized various acetylene PIP products using Paris-Edinburgh cells (PE cells), [8, 9] and examined their structures using solid-state nuclear magnetic resonance (ssNMR) and neutron pair distribution function (NPDF). We identified layered polycyclic polymers in the product and our research suggests the possibility of synthesizing graphane via the PIP of acetylene.
Acetylene adopts an orthorhombic structure from 1 to 5.7 GPa, as determined by in situ neutron diffraction. Upon further compression, the diffraction peaks disappear abruptly, indicating the collapse of the lattice and the polymerization of acetylene. The crystal structure of acetylene and the corresponding Rietveld refinement plot at 5.7 GPa is shown in Figure 1 , and the crystallographic data are shown in Table S1 and S2 in the Supporting Information.
As anticipated, the length of the CC triple bond (1.172 ) and CÀD bond (1.025 ) did not change significantly upon compression, while the intermolecular distances compressed.
The direction of the chain growth was predicted to be along the face diagonal of the a-b plane in the literature (gray line in Figure 1 a) . [2] Chain elongation along the a + b or a-b direction is expected to result in trans-PA, while alternate growth along the a + b and a-b would form cis-PA. However, there was no obvious explanation for the preference of cis-PA. After careful examination of the crystal structure and theoretical calculations mentioned below, we found that the nearest intermolecular C···C distance along the face diagonal of a-c plane is also around 3.1 , almost the same as the a-b plane. This indicates the possibility of a reaction on the a-c plane (yellow line in Figure 1 a) . Furthermore, the displacement ellipsoid of carbon is extended on the a-c plane with its longest axis along the c-axis (restricted by the symmetry, it cannot point to the neighboring molecule on the a-c direction). The deuterium ellipsoid elongates along the aaxis and approximately point to the deuterium of the neighboring C 2 D 2 on the a-c plane. These features indicate a stronger interaction between the neighboring molecules on the a-c plane. If the acetylene molecules react with their neighbors on the a-c plane, cis-PA will be obtained. Most importantly, regardless of whether the chain grows along the a + c/a-c direction or alternately along a + c and a-c, the product will be cis-PA, which explains the cis-polymer production preference.
To have a direct view of the reaction process, how the crystalline acetylene polymerizes, and what the next reaction is, a metadynamic simulation was performed with the structural model of the molecular crystal C 2 H 2 obtained experimentally. When the pressure was set at 10 GPa, the molecules randomly oriented first and then transformed to amorphous poly-acetylene (Figure 2 a) . Both trans-and cis-PA sections were identified, together with a few 5-and 6-membered rings, which makes the structure amorphous and distorts the chains. When the pressure was set at 15 GPa, the lowest unoccupied molecular orbital (LUMO) of the acetylene molecules extended and overlapped their neighbors ( Figure S1 ) and well-ordered cis-PA was produced (Figure 2 b) . Two neighboring acetylene molecules rotated towards each other to bond and the two carbon atoms at the ends of the chain pointed to their neighboring molecules along the chain direction. The chains extended along the a + c direction, in agreement with our crystal structure analysis. This simulation perfectly explains the stereoselectivity of cis-PA.
However, when the simulation continued the cis-PA phase surprisingly polymerized into a layered intermediate structure between a branched PA and graphane (Figure 2 b) . Starting from the predicted cis-PA with a perfect lattice, every second carbon atom on one cis-PA chain bonds to one carbon atom on the neighboring chain on one side. Thus, sixmembered rings are formed between the two chains with three members from each chain. The other half of the nonbonded carbon atoms turn to the chain on the other side and bond in a similar way. Therefore, the chains are zipped together to form a sheet and the product is perfect graphane (Figure 2 c) . [10] To investigate the process experimentally, in situ IR spectra up to 27 GPa were measured using a diamond anvil cell (DAC). Trans-and cis-C=C and saturated CÀC single bonds were identified ( Figure S2 , details in the Supporting Information), in agreement with the literature. [4] To obtain structural details, we used a Paris-Edinburgh cell to synthesize the sample on a milligram scale. Compared to DAC experiments, the thermal or photo effect generated by the laser or other detection methods can be completely precluded in this method, so the reaction was solely induced by the pressure.
Sample P1 was synthesized at 5 GPa as brown powder. Its infrared spectrum is shown in Figure 3 . Compared to the DAC product, the most distinctive features are the strong peaks at 1127 cm À1 and 1336 cm À1 that correspond to the skeleton stretching (n skeleton ) and CH in-plane deformation of the cis-C=C, respectively (b CH,c ). [4, 11] In addition, the CH stretching mode (n CH,c , 3050 cm À1 ) is higher than the corresponding mode in the DAC sample (3013 cm À1 , trans-C = C, n CH,t ). [4, 11] All of these factors indicate the dominating content of cis-PA in P1. The peaks between the 912 cm À1 and 1065 cm À1 are attributed to the CÀH out-of-plane deformation in trans-CH= CH-(g CH,t ), or in -(trans CH=CH) m -(m = 1, 2) between -(cis CH = CH)-(g CH,t in c ), which suggests the existence of trans-PA. Peaks related to the C À H stretching mode (n CH,s ) and C À C stretching mode (n CÀC,s )/CH 2 deformation mode (d CH,s ) of saturated carbon were observed at 2934 cm À1 and 821 cm À1 respectively, which are evidence of sp 3 carbon. Thus, we can conclude that P1 is a branched PA, with cis-PA dominating. This is consistent with the neutron diffraction and theoretical calculation predictions. It is well known that cis-PA is not thermodynamically favored. During polymerization in solution at ambient pressure, cis-PA is kinetically favored due to the stereochemistry of the catalyst. Here, our sample P1 obtained at high-pressure conditions also produced cis-PA as the main product without a catalyst. When the applied pressure was increased (10 GPa), we obtained yellow powder (P2) with a C:H molar ratio of 1:1 according to the elemental analysis. Its IR spectrum looks very similar to the sample synthesized by DAC (Figure 3) . Compared with P1, the signal of the saturated CÀH bond was enhanced, while the cis-PA signal disappeared, suggesting that the cis-C=C bonds had reacted. Similar features were reported for the sample compressed in a DAC with laser irradiation, which was recognized as a highly branched polymer (more saturated). [5] Therefore, P2 should be a more saturated C:H compound due to a higher degree of polymerization.
To understand the local structure of P2, solid-state 13 C and 1 H NMR spectra were measured and showed that P2 still contained PA but with a significant amount of sp 3 carbon (Figure 4 a and S3 ). In the 13 C cross-polarization magic-anglespinning solid-state NMR ( 13 C CPMAS ssNMR) spectrum, the peaks at 129.5 ppm and 134.7 ppm are reasonably assigned to the carbon in cis-PA and trans-PA, respectively (Figure 4 a) . [13] The content of the trans-PA is higher than the cis-PA and consistent with the IR result shown above. The next most prominent peak centered at 46.1 ppm is in the region of sp 3 carbon and is attributed to the -CH-tertiary carbon (methine) in RCH(-CR = CR 2 ) 2 group, which is solid evidence of cross-linked PA. The formation of methine carbon and subsequent cross-linking likely occurs through pressure-induced cycloaddition reactions between the PA, which implies ring structures formed. The domination of Figure 2 . Selected structure models of metadynamic simulations. a) 10 GPa, b) 15 GPa, and c) 10 GPa from cis-PA theoretically predicted by PIP. CH and PA represent that the starting materials are crystalline C 2 H 2 and cis-PA, respectively. The numbers following CH and PA are the generation numbers.
trans-PA indicates that under higher pressure, most of the cis-PA transferred into sp 3 carbon species. The significant presence of a ring structure in sample P2 is solidly confirmed by the neutron PDF of the deuterated sample. We simulated the G(r) patterns using the structural models obtained from the metadynamic simulation ( Figure 2 ). The results (Figure 4 b) indicate that P2 is similar to the model of a layered polycyclic structure (Figure 2 b) . Other models including amorphous PA (Figure 2 a) , cis-PA (Figure 2 b) , and graphane (Figure 2 c) do not match the PDF data. The observed first CÀC distance is 1.5 corresponding to the CÀC single bond, which means sp 3 carbon dominates in P2. As shown in Figure 2 b, these sp 3 carbons are mainly present in cyclic structures. Based on the structures of P1 and P2, we conclude that our experimental results satisfactorily confirm the reaction route shown in Figure 2 b. The acetylene polymerizes into cis-PA first (P1), then transforms into a layered structure with dominant sp 3 carbon (P2). It is worthy to mention that the sample may decompose to form graphite when the gasket was not perfectly sealed, which is another topic and will not be discussed here.
From these investigations, we can understand the PIP process of acetylene. In the first step, it polymerizes into PA and in the second step, PA polymerizes into a saturated layered structure with ring components. Two key factors control the PIP process. The first is the crystal structure of acetylene, which guides the polymerization along the a + c/ a-c direction under pressure and forms cis-PA. The second is the thermal effect, which perturbs the ordering and generates an amorphous structure. Compressing the crystalline PIP cis-PA is expected to generate graphane, but the random crosslinks in PA will destroy or disturb the ordering. This is why crystalline graphane was not obtained by PIP of acetylene at room temperature. Following theoretical calculations, compression under low temperature will reduce the thermal effect [6] and facilitates a structure-directed reaction, allowing graphane to be obtained.
In summary, we determined the crystal structure of acetylene under high pressure by in situ neutron diffraction. Consequently, the reaction route of acetylene was solved and the cis-PA domination was understood. The PIP of acetylene is a potential route for the synthesis of graphane and a polycyclic polymer with layered structure was observed in our experiment. This polymer can be recognized as an intermediate between PA and graphane. Based on this research, we predict that compression under low temperature would facilitate the production of graphane. Our research uncovers the reason for stereoselectivity in the PIP of acetylene and provides important recommendations for the synthesis of graphane. Figure 3 . Infrared spectra of sample P1, P2, and the sample synthesized by DAC. The vibration modes are assigned according to the literature [4, 11, 12] and the IR modes abbreviations are as follows: antisymmetric stretching of CÀH in acetylene (n CH,RCCH ), stretching of CÀH in cis-PA, trans-PA and saturated molecule(n CH,c , n CH,t , n CH,s ), stretching of C=C, CÀC and skeleton (n C=C , n CÀC,s , n skeleton ); deformation of CH 2 
Experimental Section
High purity d 2 -acetylene (99 % D atom) was used for the in situ neutron diffraction measurements without purification. The experiment was carried out at Spallation Neutrons and Pressure Diffractometer (SNAP), Spallation Neutron Source (SNS), Oak Ridge National Lab (ORNL). Acetylene of 99 % purity was purified by passing it through a NaHSO 3 aqueous solution and a cold trap (À78 8C) to remove acetone, followed by drying it over fine granular calcium chloride. [4] A DAC equipped with type IIa diamonds was used to apply pressure for in situ IR measurements. The purified acetylene gas was condensed in the DAC and sealed quickly under the liquid nitrogen temperature. Then, the DAC was warmed to room temperature. The high-pressure in situ IR spectra were collected on a Bruker VERTEX 70v FTIR spectrometer and a custom IR microscope. The samples P1, P2, and P2-deuterated were synthesized by the VX3 PE cell with tungsten carbide anvils. The P2-deuterated sample was used for the neutron PDF measurements. Details of the in situ neutron diffraction and in situ IR of C 2 H 2 , high-pressure synthesis of the sample P1, P2 and P2-deuterated, ssNMR measurement, and neutron PDF of the recovered samples and metadynamic calculations are given in the Supporting Information.
